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The 2p3d resonant inelastic x-ray scattering (RIXS) spectra of Ho2Os are measured under 0.7
eV-resolution and analyzed in terms of an equation based on the Kramers-Heisenberg formula.
Broadening due to core-hole lifetime (4.26 e€V) is completely suppressed to give sharp absorption
bands with width less than 0.5 eV together with energy position uncertainty ~ 0.3 eV. Observed
bands are unambiguously assigned to 2p—4f quadrupolar transitions that are otherwise buried under
lifetime-broadened intense 2p—5d dipole transition. The present work opens up a novel opportunity

to study 4f-5d interactions more accurately.

PACS numbers: 78.70.En, 61.10.Ht, 32.30.Rj

It has been well known that L3 x-ray absorption near-
edge structure (L3-XANES) is a direct probe of the elec-
tronic states in rare earth compounds [1]. The electronic
structure of rare earth ions is governed by the interaction
between electrons in the localized 4f orbitals and those
in the broad 5d band.

In the L3-XANES spectra, dominated by the contri-
butions from the dipole allowed (E1) 2p—5d transition,
quadrupolar (E2) 2p—4f transitions are expected to ex-
ist in the pre-edge region. Unfortunately, however, an
inherent limitation due to core-hole lifetime broadening
almost always prevents us from observing E2 transitions
by x-ray absorption spectroscopy.

Hence in the recent years considerable efforts have been
devoted to extract 2p—4f transition components from
overlapping 2p—5d transitions. H&méldinen et al. [2]
observed pre-edge structure by measuring the 2p3d (L)
RIXS of Dy(NO3)s, where highly monochromatic inci-
dent x-ray energy is scanned across Dy L3 edge while
monitoring a narrow component of La emission spec-
trum at a fixed energy. Bartolomé et. al. [3, 4] and
Dallera et al. [5] tried to separate E2 transitions from
dipolar ones by decomposition of a series of La RIXS
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spectra obtained with various excitation energies. Jour-
nel et al. [6] simulated observed weak RIXS features
using a schematic representation of the densities of unoc-
cupied states. Krisch et al. [7] attempted to distinguish
E2 transitions by La RIXS excitation spectra where the
energy transferred was kept constant. Elaborate decon-
volution technique was also examined to extract E2 com-
ponent from high-quality conventional x-ray absorption
spectra. [8] Pre-edge E2 transitions are as important
as El transitions in x-ray magnetic circular dichroism
(XMCD) spectra. Accordingly various efforts have been
reported to observe E2 transitions by the use of XMCD
spectra. [9-14]

Although these studies show that partial separation
of E2 component is possible, none of them removes the
core-hole lifetime broadening to accurately determine E2
transition energies and intensities. If removed, because of
multiplet nature of the 4f states, the pre-edge is expected
to show fine structures, which must provide us with much
more detailed information about the 4f-5d interactions.
Here we show lifetime broadening can be suppressed and
fine structures in E2 transitions can be resolved by the
analysis of high resolution RIXS spectra.

In previous papers [15, 16] we have proposed a pro-
cedure that can deduce lifetime-broadening-suppressed
(LBS)-XANES spectra from 1s2p (Ka) RIXS spectra of
Cu through numerical analyses based on the Kramers-
Heisenberg formula and have experimentally proved that



LBS-XANES can indeed be retrieved. Subsequently,
we have extended the approach to La RIXS spectra of
Dy(NOs3)s where final state effect arising from multiplet
nature is significant [17] and have shown that a band due
to 2p—4f quadrupole transitions is clearly separated from
the tail of the intense white line. Due to a limited ex-
perimental resolution (~1.4 €V), however, fine structures
were not resolved. Theoretical RIXS spectra on several
rare earth compounds, where the effective resolutions are
assumed to be 0.3 eV [18, 19] or 0.7 eV [20] , are rich in
fine structure. Hence with improved resolution, much
more structured RIXS and accordingly higher-resolution
LBS-XANES spectra leading to better understanding of
4f-5d interactions are expected.

In this work La RIXS spectra of Hoo O3 are studied un-
der higher resolution than that employed in the previous
work [17] in order to observe individual 2p—4f transi-
tions separately. Ho®* La emission was chosen because
a detailed theoretical study about E2 transitions has been
reported [19] and also because high resolution measure-
ments are feasible at around 6.7 keV, the Ho La; energy.

RIXS spectra were measured by using an x-ray spec-

trometer, which is specially designed for RIXS experi-
ments and installed at the BL11XU beamline of SPring-
8.[21] Here incident x-rays are monochromatized by two
Si(111)- and two Si(400)-crystals to irradiate samples
with the flux of about 10'? photons/sec. The spot size
at the sample position was 0.15 mm (width) x 1.5 mm
(height). The spectral width measured was about 0.2 eV
at 6.7 keV. The horizontally scattered x-rays were col-
lected by a spherically bent Ge (531) crystal having a
2 m radius of curvature. The overall energy resolution
in the present measurements was 0.7 eV as determined
by the FWHM of elastic lines. All data were collected
at room temperature at a constant scattering angle of
~90 ° in the horizontal plane to avoid extraneous non-
resonant scatterings. Conventional XANES spectra were
obtained by monitoring total fluorescence while scanning
the incident x-rays.

The analysis procedure employed here is based upon
an equation for La RIXS processes below,[17] which is
originally derived for 1s2p transition by Tulkki and O
berg from the well-known Kramers-Heisenberg formula
22];

Here wy and ws are incident and scattered photon en-
ergies, w refers to the energies of the excited electrons
in the intermediate state, and I'y, is the width of the 2p
level. The energies of 2p and 3d levels are represented by
Q) and Q34. The transition moment of the La; radiative
transition is given by ¢34 2p, and dgsp/dw is the oscilla-
tor strength distribution for L absorption which is free
from lifetime-broadenings. fr (w1 — we — Q3¢ — w) 1is
a final state density function that ensures energy conser-
vation. Our strategy is to make use of eq.1 to construct
one (true) dgsp/dw that reproduces observed RIXS spec-
tra at every excitation energy near the absorption thresh-
old.

For application of eq.1 to Ho Loy RIXS, the function
fr(wr — we — Q3¢ — w) must be appropriately deter-
mined. Reflecting multiplet nature of the final-states,
the Ho Loy band is asymmetric. The Ho Laj; band
was measured well above the L3 edge and fitted with
a function consisting of four Lorentzians. Subsequently
each Lorentzian was deconvoluted by a Lorentzian with
FWHM=I", and the resultant components were added
together to makef; functions. The value of I'g;, was set at
4.26 €V.[23] In Fig.1 shown is the f profile determined
for Ho Loy together with a schematic representation of
the scattering process. The instrumental resolution func-
tion as well as finite lifetime broadening of the final states
has been involved in the f;. The FWHM of the main

doln) | { (w2/1) (Qap + @) g5, (dgop/ )

(Qgp +w — w1)2 + F%p/4h2

}ff (w1 — wo — Q3¢ — w) dw (1)

peak in the fris ~1.4 eV, which is clearly larger than the
instrumental resolution (~0.7 V). Thus the instrumen-
tal resolution effects on f; are expected to be small, and
hence the final state broadening determines the effective
resolution of the present RIXS spectra. As described be-
low, even under this limited resolution, it was found that,
if the width of two bands in LBS-XANES separated by
~1 eV each other is broadened by ~0.5 eV, a discernible
difference is brought about in the corresponding RIXS
spectra.

RIXS measurements were performed at the excita-
tion energies of 8042.4, 8059.3, and 8062.8 eV. Squares
in Fig.2a represent a whole RIXS spectrum excited at
8062.8 eV, where the abscissa is the energy transferred
(AE = w1 O ws). Four features, indicated by A, B, A’
and B’, are evident. The energy position and overall band
shape of the band B is very similar to that reported as
E2 RIXS on HosFeq4B, where measurements were made
with 1~1.5 eV resolution.[4] In Fig.2b the band B region
of the RIXS spectra excited at 8062.8, 8059.3 and 8042.4
eV is presented in an expanded scale. Fine structures are
clearly observed in every spectrum at the same energy
losses; AE  ~1341.1(By), ~1342.1(Bs), ~1343.8(Bs3),
and though less distinct, ~1345.7eV(By). The relative
energies from By are 1.0(Bs3), 2.7(B3), and 4.6 eV (B,),
respectively. A theoretical calculation of the E2 part of
the RIXS signals has been reported on Ho by van Vee-
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FIG. 1: Assumed final state density function fy for 0.7 eV-
resolution study regenerated from four Lorentzians fitted to
the Lai emission of Ho2Os. Inset is a schematic of the La
RIXS process.

nendaal et al.[19] These values are in good agreement
with calculated ones, namely, 1.0 (Bz), 3.0(B3), and 5.0
eV(B,), although the AFE values graphically estimated
from ref.19 show systematic deviations of about 2 eV
£ 1343.2 (By), ~1344.2(B,), ~1346.2(B3), and ~1348.2
eV(B4)

Attempted next is to deduce the best-fit dgs,,/dw which
reproduces each RIXS spectrum by the use of eq.1. To
begin with, a conventional XANES spectrum, which is
shown in Fig.3a, was assumed to represent dgap/dw and
RIXS spectra were calculated. Differences between the
observed and thus calculated RIXS spectra were consid-
erable. Subsequently, calculations by eq.1 were repeated
by modifying dgay,/dw by trial and error in order to make
the observed and calculated RIXS spectra agree. In the
course of the analysis it has turned out that a presence
of four very sharp pre-edge absorption bands is essen-
tial to reproduce RIXS fine structures in Fig.2b. Shown
in Fig.3a is the dgsp/dw that best reproduces the RIXS
spectrum obtained with 8062.8 eV excitation. The four
bands are indicated by bi-by, and each corresponds to
the features B1-By in Fig.2, respectively. These bands
are concluded to be due to E2 transitions because of
their energies and low intensities. Ho E2 transition has
been studied by Bartolomé et al. from decomposition
of a series of low resolution RIXS spectra.[4] Although a
second discrete feature was not identified, they noticed
resonance takes place at two energies. Their observation
indicates an existence of several discrete E2 bands below
the E1 transition, which we have just confirmed.

The energies of the features in Fig.2b are very sensi-
tive to the energies of the pre-edge bands; a shift of a
pre-edge peak by ~ 0.3 eV makes a discernible change
in the energy of the corresponding RIXS feature. Band-
widths of these bands must be less than 0.5 eV; if larger,
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FIG. 2: (a) Open squares: La RIXS spectra of HozOs ob-
tained for 8062.8 eV excitation. Solid line: calculated RIXS
spectra by the use of the best-fit dgap/dw for 8062.8 eV excita-
tion data. The abscissa is the transferred energy AE=w; —ws>.
(b) Open squares: RIXS spectra of band B region excited with
8062.8, 8059.3 and 8042.4 eV in an expanded scale. Solid
line: calculated RIXS spectra by the use of respective best-fit
dg2p/dw shown in Fig.3b.

1338 1340

the features Bi-By get obscured. As long as the inte-
grated intensity remains unchanged, smaller bandwidth
does not affect the band shapes of B1-B4 very much. In
Fig.3, the bandwidths of the pre-edge bands are taken to
be 0.4 eV. A drastic improvement of dgs,/dw in resolu-
tion by high-resolution RIXS analysis is evidenced when
compared with the conventional XANES spectrum. Solid
line in Fig.2a is the RIXS spectrum generated from the
dgop/dw shown in Fig.3a. It almost perfectly overlaps
with the observed RIXS spectrum.
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FIG. 3: (a) Conventional L3-XANES spectrum of HozOs3

(broken line), and the best-fit dgsp/dw determined from
8062.8 eV excitation RIXS (circles). The inset is the pre-
edge part in an expanded scale. (b) Upper: pre-edge part of
dg2p/dw profiles that reproduces Lo RIXS spectra shown in
Fig. 2b; open circles (8062.8 eV exc.), solid squares (8059.3
eV exc.), and open triangles (8042.4 eV exc.). Lower: the
calculated dgap/dw for the 2p—4f quadrupolar transitions in
Ho®* ion (bars). Also plotted is the convolution of the cal-
culated dg2p/dw by Lorentzians with 0.4 eV width (broken
line).

In Fig.3b shown are dgsp/dw’s deduced individually
from the three RIXS spectra in an expanded scale. Only
pre-edge part is presented because above 8067 eV the
spectra are almost the same. These dgs,/dw’s are nor-
malized by the peak intensity of the white line. Calcu-
lated RIXS spectra from each dgay,/dw are shown by solid
lines in Fig.2b, where agreements between the observed
spectra and calculated ones are satisfactory. The peak
energies and integrated intensities of the four bands b;-
by determined from the three RIXS spectra are given in
Table 1 together with estimated errors. Here intensity is
normalized as the intensity of the main peak at 8071.5

eV to be 1. The error values in Table 1 mean that if the
peak-energies or integrated intensities are increased or
decreased by these values, calculated RIXS spectra show
definitely discernible differences. Thus although our fi-
nal goal to construct one dga,/dw that reproduces every
RIXS spectrum is not fully achieved, multiplet structures
are clearly resolved and their energies determined with
uncertainty less than 0.3 eV. On the other hand, ambi-
guity in intensity is somewhat larger, and an existence
of by band in Fig.3 is marginal. One of the reasons lies
in insufficient S/N ratio of the RIXS spectra as will be
noted from Fig.2b.

For comparison, the dga,/dw for the 2p—4f quadrupo-
lar transitions in Ho?* ion, which was calculated by
Cowan’s program[24] , are indicated by bars in Fig.3b.
Also shown by dots is their convolution by Lorentzians
with 0.4 eV width. In this calculation, Coulomb parame-
ters obtained within the Hartree-Fock limit were reduced
to 80% to account for intra-atomic screening effects. The
scales of both energy and intensity are relative. The en-
ergy range and overall tendency in the strength distribu-
tion roughly agree with the observation, which is another
proof that the bands bi-bs are E2 transitions. A close
look of Fig.3b tells us, however, that there are some dif-
ferences between the experimental dgs,/dw and the cal-
culated one. For example, relative intensities of high-
energy bands are stronger than the calculated results. It
is possible that the differences are due to chemical effects,
which are completely neglected in the present calculation.
Detailed analyses of such effects in the LBS-XANES are
the subject for future studies, which is opened up by the
present work.

In conclusion, we have experimentally proved that fine
structures in E2 transitions buried under lifetime broad-
ened E1 transition can be revealed from analyses of high-
resolution La RIXS spectra. Transition energies can be
determined within 0.3 eV from the RIXS measurements
at 0.7 eV resolution. Compared with other procedures
to extract E2 transitions discussed in the introductory
section, the present approach has a definite advantage to
determine transition energies separately and precisely be-
cause of core-hole lifetime-broadening-suppression. For
high-resolution measurements, analyzer crystals should
be used at high Bragg angles. This imposes some exper-
imental restriction, but a suitable crystal planes of Si or
Ge can be found for most elements; e.g. Ge(440) for Dy,
Ge(531) for Ho, and Si(531) for Er. Hence the present
approach can be widely applied to study weak forbidden
states buried under strong broad transition, E2 transi-
tions of all lanthanide elements being one of the cases.
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Table 1 Peak energies and relative intensities of bands bj-by deduced from La RIXS spectra obtained at the

excitation energies 8042.4 ¢V, 8059.3 ¢V and 8062.8 eV.

excitation energy b1 ba bs by

8042.4 eV 0.03140.004 0.02840.005 0.01140.004 0.00440.004
8061.1+0.2 8062.240.2 8063.6+£0.3 8065.7+0.3

8059.3 eV 0.01940.002 0.01840.004 0.01140.004 0.001+0.001
8060.940.2 8062.040.2 8063.6+£0.3 8065.7+0.4

8062.8 eV 0.04740.005 0.03340.004 0.01140.003 0.00440.004
8061.1+0.1 8062.240.1 8063.6+0.3 8065.7+0.3
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